The effects of composition of alloy steel on the friction and wear characteristics of molybdenum dithiocarbamate MoDTC were studied in reciprocated sliding contact using a ball-on-plate type tester. The oil used was squalane of a pure hydrocarbon. The excellent friction and wear characteristics were obtained with high speed steel M50 containing Mo at 4.25 and Cr at 4.12 mass % and bearing steel SUJ2 containing Cr at 0.45 mass %. Especially, M50 with high Mo and Cr content used as the upper ball specimen gave a very low coefficient of friction. A MoO 3 surface film formed in advance was confirmed to be effective in improving the friction and wear characteristics of MoDTC.
Introduction
Molybdenum Dithiocarbamate (MoDTC) of an oil soluble Mo-S compound has been widely used as a lubricant additive for reducing friction and wear. It is generally accepted that the excellent tribological performance of MoDTC is attributed to the formation of a film containing MoS 2 1-4) . The presence of MoS 2 on rubbed surfaces has been reported by various analytical techniques [3] [4] [5] [6] [7] [8] [9] . Graham evidenced the presence of MoS 2 in the wear scar in the low friction tests using Raman analysis, and indicated that the friction coefficient was directly dependent on the coverage percentage of the rubbing surface with effective MoS 2 film 10) . The authors indicated that the coefficient of friction decreased with an increase in the concentration of MoS 2 on the rubbing surfaces 4) . Grossiord showed that the mechanism of friction-reduction by MoDTC was attributed to the effect of sliding between single layers of MoS 2 , and not to intra-sliding in MoS 2 crystal 8) . These results suggest that it is effective in decreasing friction with MoDTC to increase the coverage rate of the surface film containing MoS 2 .
The lowest coefficient of friction with MoDTC in our reciprocating sliding tests was about 0.04 3, 4) , while Martin et al. reported a coefficient of friction of 0.02 in boundary lubrication 11) . In addition oxygen-free stoichiometric MoS 2 coatings could reduce the coefficient of friction to 0.002 in ultra-high vacuum of 5x10 -8 Pa 12) . The coefficient of friction of about 0.04 in our tests, therefore, might suggest that the rubbing surfaces were partially covered with MoS 2 -containing films. By increasing the coverage rate of surface film formed with MoDTC the coefficient of friction could be decreased to below 0.04. The authors showed that as rubbing materials metals containing 6A transition metals such as molybdenum and chromium were favorable to form a film containing MoS 2 on rubbing surfaces 13) . In the present paper the effect of content of molybdenum or chromium of steels on the friction and wear characteristics was investigated. Furthermore, since a prerequisite for forming MoS 2 on the rubbing surfaces was that MoO 3 be formed in advance, the effect of surface film containing MoO 3 formed by immersing the test specimens into a oil containing MoDTC was investigated 4, 13) .
Experimental

Apparatus and test procedure
The ball-on-plane type apparatus used was the same as in the previous paper 4) . The ball of 19.05 mm diameter was oscillated in a horizontal plate with a sinusoidal motion. The frequency was 500 cycles per minute, and the amplitude was 2.5 mm. The applied load was 120 N, the corresponding maximum contact pressure being 1.5 GPa. The main part of the apparatus was assembled in a sealed chamber, and the environment in the chamber could be controlled. Dry air was used as testing environment. The materials of ball or plane were bearing steel SUJ2 (AISI 52100) or high speed steel M50, their Vickers hardness being 760 or 775, respectively. The compositions of the alloy steels tested are shown in Table  1 . They contained 6A transition metals, SUJ2 and M50 containing Cr at 0.45 mass%, and Mo of 4.25 and Cr of 4.12 mass%, respectively. All combinations of test materials, i.e. SUJ2/SUJ2(upper ball/lower plane), SUJ2/M50, M50/M50, and M50/SUJ2, were tested. The lubricant used was squalane (C 30 H 62 ) of hydrocarbon. The MoDTC used was the same one as in the previously paper 4) . The molybdenum concentration in squalane was 500 ppm by weight. The oil temperature was kept at prescribed temperatures of 120, 150 or 200˚C, or was increased from 50 ˚C to 200 ˚C by means of an electrical resistance heater and a temperature regulator at a rate of 5˚C/min.
Immersing test
Ball and plane immersed in the lubricant at 160 ˚C for 24 hours were also used as test specimens. With the immersed specimens the XPS analysis was conducted in the same manner as that shown previously 4) . Representative standard XPS spectra of the binding energy of Mo 3d electrons of molybdenum of MoO 2 , MoO 3 and MoS 2 were already shown 4) . The values of the binding energy of Mo 3d 5/2 and 3d 3/2 were in the vicinity of 230 and 233 eV with MoS 2 , and in the vicinity of 232.5 and 235.5 eV with MoO 3 , respectively. The XPS spectra after immersing are shown in Fig.1 . The rate of argon ion etching was approximately 1 nm/min for pure iron. The XPS of M50 without immersing is also shown, the binding energy of M50 itself being in the vicinity of 227 and 231 eV. With SUJ2 and M50 immersed their surfaces were covered with a surface film consisting mainly of molybdenum trioxide MoO 3 . The formation of surface film consisting mainly of MoO 3 was expected to enhance the coverage rate of MoS 2 film on the rubbing surface or to reduce the coefficient of friction. The peak intensity of Mo 3d 5/2 in XPS spectra with M50 was about 1.5 times higher than that with SUJ2. Hence, M50 is considered to have a great ability to form a surface film consisting of MoO 3 or high affinity to MoDTC compared with SUJ2. In the XPS of immersed M50 after ion etching for 40 seconds the peak in the vicinity of 227 eV revealing the existence of M50 itself was clearly detected and the peak intensity in the vicinity of 235 eV indicating MoO 3 significantly decreased. With SUJ2 the peak intensity in the vicinity of 235 eV also decreased significantly after 40 seconds etching, and could not be detected after 120 seconds etching. MoO 3 film formed on M50 or SUJ2 surface by immersing them in the oil, hence, was estimated to be about 1 nm.
Results and Discussion
Constant temperature tests
With tests at 120 ˚C the changes in the coefficient of friction and the surface roughness of the stationary plane after runs are shown in Fig.2 . With any combination of the ball and plane materials tested the coefficient of friction was below 0.06 and the wear of rubbing surface was hardly detected. Although with SUJ2/SUJ2, the coefficient of friction was prone to be high at initial stages of rubbing tests leading to a noticeable amount of wear 4, 7, 11, 14) , the high friction was not observed in the present tests.
The excellent friction and wear characteristics shown in Fig.2 were ascribed to the composition of M50 and SUJ2 which contained to some extent 6A transition metals of Cr and/or Mo as shown in Table 1 . The authors already pointed out that with plain carbon steels containing no 6A metal the coefficient of friction was as high as 0.08, and with aluminum and brass it was above 0.1 13) . On the other hand, in the present tests the coefficient of friction of the combinations, where M50 containing both Mo and Cr was used as the upper ball specimen, was as low as 0.04. Since the upper ball contacted continuously with the mating plane, its contact condition was severe compared with the plane. So with the ball the virgin surface was likely to be exposed due to the removal of a surface film formed. Since M50 ball had a great ability to form a surface film containing MoS 2 , the film formed could prevent an increase in friction due to the occurrence of the direct metal contact. The frictional characteristics with M50 ball, therefore, was improved compared with that with SUJ2.
The frictional characteristics of SUJ2/SUJ2 were were lower than that of SUJ2/M50. These frictional characteristics suggested that the ball specimen or specimen under a severer contact condition mainly controlled the frictional characteristic. Figure 3 shows the results at 150 ˚C. Unlike the results of 120 ˚C shown in Fig.2, with SUJ2 of the upper ball, SUJ2/SUJ2 and SUJ2/M50, the friction and wear characteristics were better than with M50/SUJ2 or M50/M50. The coefficient of friction of the former combinations was about 0.05 and the wear of the rubbing surfaces was undetectable. In contrast, with M50/M50, the friction characteristics exhibited duality. The coefficient of friction was constantly kept at a high value as about 0.12, or it decreased to about 0.05 after 12 minutes run. With a combination of M50/SUJ2, the coefficient of friction was high and erratic, and it did not decrease to below 0.10. With both cases considerable wear was detected.
In contrast to the results at 120 ˚C, with M50/M50 and M50/SUJ2 the friction and wear characteristics were poor. The poor friction and wear characteristics seem to be ascribed to M50 of the ball specimen. Molybdenum containing at 4.25 mass% is considered to act as a catalyst for enhancing oxidation or degradation of MoDTC. The exposing rate of M50 surface during run was higher than that of the plane specimen. So, with M50/M50 and M50/SUJ2 at 150 ˚C or at a higher temperature, the oxidation of MoDTC might be promoted. The oxidation or consumption of MoDTC in the oil brings about the suppression of forming a film containing MoS 2 , leading to high friction and wear 4) . On the other hand, the rubbing condition of the plane specimen was milder than that of the ball, since the contact time was considerably short compared with noncontact time when the damaged parts on the rubbing surface was expected to be repaired. Consequently with SUJ2/M50 the extent of the oxidation of MoDTC by M50 was considered to be lower since the extent of the exposure of M50 surface was low compared with M50 of the ball.
At 200 ˚C the oxidation of MoDTC was more accelerated than at 150 ˚C, thereby the friction and wear characteristics being considerably deteriorated as shown in Fig.4 . Even with the plane specimen of M50, the coefficient of friction was higher than 0.1. With M50/M50, the color of squalane tested changed to green blue suggesting the presence of Mo metal ion, which imply the degeneration of MoDTC complex 4) . In contrast, the combination of SUJ2/SUJ2, the possibility of decreasing the coefficient of friction or forming a surface film containing MoS 2 became higher than with the other combinations because SUJ2 was weak in catalysis action for oxidation compared with M50 so that the squalane did not change to green blue in color.
Raising temperature tests
The results of raising temperature tests are shown in Fig.5 . In all the combinations the coefficient of friction decreased with increasing the oil temperature. The coefficient of friction gradually decreased with increasing the oil temperature, and sustained a low value of about 0.04 in a temperature range above 150 ˚C. The Figures 3 and 4 . The low coefficient of friction was owing to a surface film containing MoS 2 . The surface film formed in a low temperature range remained or reformed at higher temperatures resulting in a low coefficient of friction at temperatures above 150 ˚C unlike the constant temperature tests. The surface film formed in a low temperature range could suppress the oxidation of MoDTC by reducing the extent of the breakdown of the film or the exposure of metal surface at high temperatures. Consequently the oxidation of MoDTC was considerably suppressed, and then the coefficient of friction remained at a low value.
Effect of MoO 3 surface film
With MoDTC a prerequisite for forming MoS 2 on the rubbing surfaces was that MoO 3 be formed in advance 13) . MoO 3 was considered to offer active sites for adsorption of MoDTC. Therefore the surface film consisting mainly of MoO 3 produced by the immersing method seems to be favorable to improve the friction and wear characteristics of MoDTC. The results of immersed specimens with a surface film of MoO 3 in advance are shown in Fig.6 . The frictional performance was improved by preforming MoO 3 surface film prior to rubbing. Especially with M50/M50 the coefficient of friction was as low as 0.04 even at an initial stage, and gradually decreased to 0.025 at the steady state. The effectiveness of MoO 3 surface film formed prior to rubbing in enhancing the friction and wear performance of MoDTC was evidenced.
Conclusions
The effects of composition of alloy steels and preformed MoO 3 surface film on the friction and wear characteristics of molybdenum dithiocarbamate MoDTC were studied under reciprocated sliding contact conditions. The results are as follows.
1. It was confirmed that steels containing Mo and/or Cr of 6A transition metal were preferable to effectively function MoDTC as an additive for reducing friction and wear.
2. High speed steel M50 containing Mo at 4.25 and Cr at 4.12 mass% was superior in friction and wear performance to bearing steel SUJ2 containing Cr at 0.45 mass% at low temperature, whereas M50 was inferior in friction and wear to SUJ2 at high temperature.
3. MoO 3 surface film formed on test specimens prior to test by immersing them in squalane containing MoDTC was effective in improving the friction and wear performance of MoDTC.
